Insect herbivory may drive evolution by selecting for trees with heritable resistance against defoliation. The spruce budworm (Choristoneura fumiferana, SBW) is a highly damaging forest insect pest that can affect population structure of white spruce (Picea glauca) in North America. Resistance against SBW was recently described in white spruce and was linked to three constitutive resistance biomarkers: the phenolic compounds piceol and pungenol, and expression of a beta-glucosidase encoding gene (Pgβglu-1). We investigated the phenotypic variability and heritability of these resistance biomarkers and of picein, the precursor of piceol, in the foliage of 874 trees belonging to 33 full-sib families and 71 clonal lines under evaluation in seven field locations in Eastern Canada. We aimed to (i) determine their genetic control, (ii) estimate the genetic and phenotypic correlations among defense biomarkers, and (iii) determine whether their constitutive levels are associated with detrimental trade-offs on growth. Quantitative genetics analyses indicated that all four traits are moderately to highly heritable. The full-sib and clonal analyses showed that additive and non-additive genetic effects play major and minor roles, respectively. Positive genetic and phenotypic correlations between resistance biomarkers and primary growth indicated that there is no trade-off between total height and height increment and resistance traits, contradicting the GDBH (Growth Differentiation Balance Hypothesis). Our findings about the predominant additive genetic basis of the resistance biomarkers show that adaptive evolution of white spruce natural populations to resist to SBW is possible and that potentially important gains could also be expected from artificial selection.
Introduction
Plant resistance may evolve in response to herbivory (Strauss and Agrawal 1999) . The evolutionary potential describes the capacity to evolve as a feedback to changing environments and selective pressure (Harrisson et al. 2014) , and some of the factors influencing the evolutionary potential of plant resistance traits are the genetic variation, heritability, and the correlation among defensive characters and costs of resistance (Lande and Arnold 1983; Geber and Griffen 2003) . Therefore, knowledge of these parameters is fundamental for understanding the possible outcomes resulting from host−insect interaction such as counterresistance, ecological costs of resistance and multi-trophic level effects (Rausher 2001; Strauss et al. 2002; Harvey et al. 2003) .
The present study examines resistance against the spruce budworm (SBW) (Choristoneura fumiferana), a lepidopteran native to North America that has long influenced the forest stand dynamics and productivity of spruces and balsam fir. Epidemic periods of the SBW have been recorded for more than three centuries in eastern regions of Canada and the USA and have recently occurred at intervals of 25-38 years (Jardon et al. 2003) . The destructive capacity of the insect is such that during the peak of the last outbreak , defoliation by SBW destroyed as much as 64−91% of the annual biomass production in the most severely affected areas (Gray et al. 2000; Volney and Fleming 2007) .
Naturally occurring resistance to SBW attack was recently reported for the first time (Daoust et al. 2010 ) and has been linked to the content of the acetophenones piceol and pungenol in the foliage of white spruce (Picea glauca (Moench) Voss) (Delvas et al. 2011) . The effects of piceol and pungenol on SBW were studied in laboratory rearing conditions and caused a decreased survival of larvae, reduced pupal mass, and delayed development of insects (Delvas et al. 2011 ). The Pgβglu-1 gene encodes a β-glucosidase enzyme responsible for the release of piceol and pungenol from the acetophenone glucosides picein and pungenin, respectively (Mageroy et al. 2014) .
More recently, large differences in the constitutive level of acetophenones and Pgβglu-1 gene expression were detected between P. glauca individuals from different geographic origins (Parent et al. 2017 ). The authors monitored the dynamics of the defense biomarkers over the course of a growing season and compared genotypes from throughout eastern Canada, spanning from eastern Ontario to Nova Scotia. The pattern was positively correlated with the intensity of past SBW outbreaks, suggesting that the traits are under positive selection in natural populations (Parent et al. 2017 ); a process that increases the frequency of advantageous heritable characters in a population.
Heritability is defined as the proportion of the total phenotypical variation of a trait that is due to additive effects (narrow-sense heritability) or both additive and nonadditive genetic factors such as epistasis or dominance (broad-sense heritability) (Visscher et al. 2008) . Narrowsense heritability estimates are considered an indicator of evolutionary potential in outbreeding organisms such as most conifers (Geber and Griffen 2003; Charmantier and Garant 2005; Hansen et al. 2011) . Therefore, it may be used to predict the adaptability of trees species to biotic agents.
However, a potential drawback of resistance is that it may be associated with trade-offs affecting other physiological traits including growth because carbon and energy resources used for the synthesis of chemical defenses may limit the availability for other plant functions such as the formation of new tissues, growth or reproduction (Obeso 2002; Sampedro et al. 2011; Walters 2011) . Various hypotheses attempt to explain patterns of intraspecific tradeoffs between plant defense mechanisms and growth along different environmental conditions; however, they all contain intrinsic contradictions that remain to be resolved (Hahn and Maron 2016) . Two of the main theories supporting the existence of trade-offs are the GrowthDifferentiation Balance Hypothesis (GDBH) and the Optimal Defense Theory (ODT). The GDBH relies on the general idea that there is a physiological trade-off between growth and differentiation processes (Herms and Mattson 1992) . The ODT postulates that defenses are mainly directed to plant structures with an elevated risk of herbivory and fitness value, where they are more likely to be constitutive and thus costly (Rhoades 1979) . Uncovering the phenotypic and genetic relationships between the resistance biomarkers and growth would be a first step in assessing the potential trade-offs.
The overall goal of the present study is to investigate the heredity of defense traits against SBW in white spruce including constitutive acetophenone levels and the expression of the Pgβglu-1 gene. Our specific objectives were to: (1) determine their phenotypic variability and genetic control in a set of progeny and clonal trials set up in different ecological regions; (2) estimate the genetic and phenotypic inter-trait correlations, and (3) evaluate whether the resistance against the SBW is associated with a detrimental trade-off on white spruce growth. The primary data for this study were four traits, which are the foliar levels of three acetophenone compounds, picein, piceol, and pungenol, as well as the expression of the Pgβglu-1 gene. The three later of these traits have been associated with resistance against SBW in white spruce (Mageroy et al. 2014) and are referred to hereafter as SBW resistance biomarkers. Whenever we refer to all four traits, we call them defense biomarkers.
We analyzed both full-sib progeny and clonal lines to gain insights into the nature of the genetic control underpinning these defensive biomarkers. Our findings on genetic control and growth trade-offs shed light into the evolutionary potential of the traits and suggest that the resistance biomarkers could be efficiently manipulated through genetic selection and breeding.
Materials and methods

Plant material
Two types of P. glauca genetic trials were evaluated: a fullsib progeny test and two clonal tests, which were set up in contrasting ecological domains in the provinces of Quebec and New Brunswick, Canada. They are part of two independent genetic improvement programs of the Ministère des Forêts, de la Faune et des Parcs of Quebec (MFFP) and J.D. Irving, Limited (JDI). None of the trials have experienced any observable SBW infestation. Both breeding programs pursue the improvement of stem growth and straightness, volume and wood physical properties while keeping a wide genetic pool for pest resistance (Gernandt et al. 2011) . To perform the parental selection, the JDI program specially focused on tree health during the peak of the last budworm epidemic.
In total, we evaluated 33 families for the progeny tests and 71 clonal lines. The full-sib progeny trial was established on two sites in 2007: (1) Grandes-Piles in the sugar maple-yellow birch ecological domain and (2) Normandin in the balsam fir-yellow birch ecological domain (Saucier et al. 2011 ) (see Table 1 for further details) and comprised material from 17 origins in Quebec and Ontario (Supplemental Table S1 ). We sampled 4−6 trees per site for each of the 33 full-sib families corresponding to 369 genotypes in total. The clonal tests comprised lines that were developed in two independent programs by the MFFP and JDI using somatic embryogenesis and deployed in two independent series. The Quebec clonal trial was established in 2010 on two sites: (1) Saint-Modeste in the balsam firyellow birch ecological domain, and (2) Grandes-Piles in the sugar maple-yellow birch ecological domain (Saucier et al. 2011) . We sampled a total of 215 trees from 21 clonal lines (distinct genotypes) representing 16 provenances from Quebec and Ontario (8−10 ramets per clonal line) (Supplemental Table S2 ). The clonal trials in New Brunswick represented 42 provenances from New Brunswick and Maine and were established in 2000 at three different sites: (1) Black Brook, (2) Deersdale, and (3) Parkindale (see Table 1 for further details). We sampled a total of 290 trees corresponding to 50 different clonal lines (3−6 trees per clonal lineage).
The following tree growth data were available: in the Quebec progeny trials: total tree height at year 9 ranging from 1.2 to 5.1 m; in the Quebec clonal trials: total tree height at 6 years ranging from 0.48 to 2.7 m and height growth increment also at year 3 and year 6 based on initial and final heights ranged from 0.026 to 0.633 m. Many of the trees were too small for stem diameter to be a useful assessment of growth. Tissue sampling and preparation Current-year foliage was used for all of the analyses as it is the main target tissue of herbivory and was used in recent investigations of this resistance mechanism (Parent et al. 2017) . Tissues were sampled between the 15th of July and the 15th August of 2014, when the acetophenone levels have reached a high and stable level in contrast to earlier phenological stages when the levels are increasing rapidly in the more resistant trees (Parent et al. 2017) . The foliage was sampled from the north side in the middle third of the tree crown as in previous studies on resistance to SBW herbivory (Wagner et al. 1990; Delvas et al. 2011; Mageroy et al. 2014) . The sampling involved cutting off a piece of shoot representing the current-year growth at the tip of branches and immediately freezing and maintaining them in liquid nitrogen or at −80°C until further processing. Frozen foliage was removed from the shoot by swirling the shoot in liquid nitrogen and then was ground with a MixerMill 300 (Retsch, Haan, Germany) by using steel grinding balls previously frozen in liquid nitrogen. The tissue powder was kept at −80°C until RNA and phenolic compounds extractions were made.
RNA extraction
Total RNA was isolated from frozen tissues following the method of Chang et al. (1993) , with modifications (Pavy et al. 2008) . Total RNA concentrations were determined with a spectrophotometer Nanodrop 1000 (Thermo Scientific, Wilmington, DE, USA) and RNA quality was assessed using the Agilent 2100 Bioanalyzer with RNA 6000 Nano LabChips (Agilent Technologies Inc, Santa Clara, CA, USA).
RT quantitative PCR
We used 500 ng of total RNA for complementary DNA synthesis with the Superscript First-Strand cDNA system (Invitrogen) as described in Mageroy et al. (2014) . The PCR mixtures were prepared with the quantiFast SYBR Green PCR kit (Qiagen) as presented in Parent et al. (2017) . Pgβglu-1 gene (GQ03511_F06-R1) specific 5′ and 3′ primers were used to amplify a sequence fragment and quantify the number of transcripts (See Mageroy et al. (2014) for details). Amplifications were performed in a LightCycler 480 (Roche Diagnostics, Rotkreuz, Switzerland) as described in Boyle et al. (2009) . We calculated the number of transcript molecules with the LRE method (Rutledge and Stewart 2008) adapted by Boyle et al. (2009) , normalized to a ratio calculated by the geometric mean of three reference genes: ribosomal protein L3A (BT115036), elongation factor 1a (EF1-α) (BT102965), and cell division cycle 2 (CDC2) (BT106071) (Beaulieu et al. 2013 ).
Extraction and quantification of phenolic compounds
Acetophenones were extracted as described in Mageroy et al. (2014) . Picein, piceol, and pungenol were identified and quantified by HPLC-MS (Agilent 1200 series and Agilent 6210 TOF) as described in Parent et al. (2017) . The resulting chromatograms were processed with the Agilent MassHunter Workstation Data Acquisition software version B.01.04 (Agilent Technologies) and quantification was performed using calibration curves.
Data analysis
Heritability estimates
Narrow-sense heritability (h 2 ) was estimated based on progeny trials and broad-sense heritability (H 2 ) was estimated based on clonal trials. The variance components were calculated with mixed model equations and restricted maximum likelihood in the MIXED procedure in SAS 9.4. The site effect was considered fixed as suggested by Holland (2006) , and the family (progeny trials) or the clonal line (clonal trials) as random effects. For both types of trials, the site-by-family interaction effect was removed from the analysis, because their contribution to the total variance was negligible or zero. Hence including the interaction term did not improve the model fit and increased the AIC (Akaike information criterion). The block within site effect was initially considered in the clonal trials but was not retained for the same reasons. Therefore, the model was reduced to:
where Y ijk is the observation of the kth tree in the ith site of the jth family or clone, μ is the overall mean of each character, S i is the fixed effect of the ith site, F j is the random effect of jth family (progeny trials) or the jth clone (clonal trials), and ε ijk is the random error. Normality of studentized residuals was inspected visually and using the Shapiro−Wilk test (UNIVARIATE procedure in SAS 9.4) considering normality of errors at P > 0.05. Data transformation was used in several cases because normality of residuals was not respected. A logarithmic transformation was applied to all of the traits in the progeny trials. For the Quebec and New Brunswick clonal trials, square root transformation was performed for the acetophenones. Narrow-sense heritability was estimated in the progeny trials as:
where σ² Fam is the estimated family variance and σ² Ɛ is the error variance. Broad-sense heritability was estimated in the clonal trials using the inter-clonal variance:
where σ² Clone is the clonal variance and σ² Ɛ is the error variance. Errors associated to heritability estimates were calculated by the Delta method (Lynch and Walsh 1998) .
Genetic and phenotypic correlations between defense traits
In order to investigate how defense traits are related among each other, genetic and phenotypic correlations between trait pairs were calculated using a multivariate approach adapted from Holland (2006) as:
where σ² x and σ² y are variance components for two traits, and cov (x,y) is the covariance between a pair of traits. For genetic correlations, genotypic variance−covariance estimates based on the family or clone effect were used; whereas phenotypic correlations used phenotype variance −covariance, that is the sum of genetic and error components.
Trade-offs between growth and resistance against the SBW Evaluation of trade-offs used height growth data, which were available for the Quebec progeny and clonal trials. In a genetic and evolutionary perspective, trade-offs have been defined as a negative, genetically based, relationship between traits (Reznick 1985) . Therefore, trade-offs between tree growth and resistance were evaluated based on two criteria as suggested by Leinekugel le Cocq et al. Pearson correlation tests and genetic correlations. We also estimated the correlated response to selection between the defense biomarkers and growth based on the indirect selection efficiency (ISE), which describes to what extent the mean of trait x can be shifted (or how much of its genetic gain can be realized) through selection on trait y (White et al. 2007) :
where h x and h y are the square root of trait heritability estimates for trait x and y, respectively and r G is the genetic correlation between both traits. The selection intensity was considered to be equal for both traits i x = i y ; therefore, we canceled them to simplify the equation. The further away from zero the ISE coefficients are, the stronger the correlated response will be whether it is positive or negative. The defense biomarkers were considered the selected traits (y) seeing as the SBW exerts a direct pressure on white spruce trees according to the accumulation of resistance metabolites in the foliage (Parent et al. 2017) , while tree growth is the unselected trait (x).
Initial and final heights were measured in autumn 2011 and 2014, respectively. Height increment was calculated with the formula: 
Results
We investigated the genetic control of constitutive levels of four SBW defense biomarkers in P. glauca: the acetophenone aglycons piceol and pungenol, the acetophenone glucoside picein, and the expression of the gene Pgβglu-1. Phenotypic determinations were carried out in 33 full-sib families growing in a progeny trial replicated on two test sites in Quebec and 71 clonal lines growing in five different test sites in Quebec and New Brunswick.
Large phenotypic variation in defense biomarkers
The phenotypic variation was broad for all of the defense biomarkers both in the progeny and clonal trials. The acetophenones and the Pgβglu-1 gene transcripts ranged from not detected (reported as 0) to high levels. Picein was the most abundant secondary metabolite with averages exceeding 10% of the foliar dry weight (Table 2 ). Piceol and pungenol had lower levels, just below 4 and 2% of the foliar dry weight on average, respectively. Gene expression was 7.0−10.2 log 2 ng −1 RNA, which represents 128−1206 transcript molecules per ng of RNA. Overall, each of the defense biomarkers showed consistent frequency distribution trends across the progeny and clonal trials even though the age, site conditions, and genotypes evaluated were different in each set of trials (Fig. 1) .
The distributions were slightly positively skewed for picein, piceol, and pungenol, as they accumulated to low levels in a large proportion of the individuals and had a wide range of higher concentrations in the remainder of the population. In contrast, the Pgβglu-1 gene expression had a negatively skewed distribution. The mixed model analyses indicated highly significant effects of the site (fixed effect) and the family or clonal line (random effects) for all of the defense biomarkers with the site effect in the progeny trials for picein as the only exception (Table 3) .
Phenotypic variation in defense traits is under strong genetic control
Phenotypic data from the full-sib progeny trials and clonal trials were analyzed to estimate narrow-sense and broadsense heritability, respectively. The narrow-sense heritability estimates were moderate to high, ranging from 0.50 ± 0.07 to 0.60 ± 0.06 for acetophenone compounds and 0.58 ± 0.07 for the Pgβglu-1 gene expression (Table 4) . This indicates that the four traits are under strong additive genetic control.
The broad-sense heritability was evaluated separately for two independent clonal trials (Quebec and New Brunswick). High heritability estimates were obtained for each of the resistance traits in the Quebec clonal trials. The broad-sense heritabilities of the acetophenone compounds were 10−20% higher than the narrow-sense heritabilities estimates obtained from the progeny trials; while the heritability estimate for gene expression was marginally lower than the narrow-sense heritability (0.55 ± 0.08) ( Table  5 ). The observation of higher levels of broad-sense heritability may indicate that the genetic control of the acetophenones combine both additive and non-additive control although the estimates were derived from different study populations and growth sites (Table 3) . Broad-sense heritability estimates from the New Brunswick clonal trials were notably lower ranging from 0.23 ± 0.06 to 0.37 ± 0.06 (Table 5 ).
The SBW resistance biomarkers are highly correlated genetically and phenotypically
Analyses of the progeny trial data indicated strong positive genetic (r G ) and phenotypic (r P ) correlations between the acetophenones piceol and pungenol (r G = 0.88; r P = 0.80) (Table 4) . Similarly, these same acetophenone compounds had strong positive genetic and phenotypic correlations with Pgβglu-1 gene expression (r G = 0.91; r P = from 0.70 to 0.75). In contrast, the correlations between acetophenone glucoside picein and the three resistance biomarkers were low or negative (r G = −0.34 to 0.03; r P = −0.27 to 0.01) confirming the findings of Mageroy et al. (2014) that high levels of picein are not related to the accumulation of resistance metabolites. The same trends were observed in the two clonal trial series and in some cases larger negative correlations were found between picein and the resistance biomarkers (r G = from −0.80 to 0.16; r P = −0.50 to 0.11) ( Table 5) .
A trade-off is detected for picein but not between resistance biomarkers and growth Potential trade-offs were evaluated following two separate approaches. Firstly, Pearson correlations were calculated between growth (total height and height increment) and acetophenones (picein, piceol, pungenol) and Pgβglu-1 gene expression in the progeny and clonal trials located in Quebec. The acetophenone glucoside picein was negatively correlated with both total tree height and height increment (from −0.02 to −0.27) and in contrast, we found positive and significant correlations (r = 0.14 to 0.28) between height and the SBW resistance biomarkers (Table 6) .
Secondly, genetic correlations between picein and height traits were mainly negative albeit low (r G = from −0.30 to 0.01), which is consistent with the result obtained from the phenotypic correlations. Positive genetic correlations of 0.16−0.38 were observed between the SBW resistance biomarkers (piceol, pungenol, and Pgβglu-1 expression) and height traits; the highest correlations were obtained for height increment (r G = 0.30 to 0.56) (Table 6 ). Together, these observations indicate that there is no trade-off between the SBW resistance mechanism studied here and tree growth in young white spruce trees. To further investigate the trade-offs, we also calculated the ISE (Table 6 ). The coefficients of the ISE for the resistance biomarkers ranged from 0.18 to 1.26 while those between picein and the tree growth traits from the clonal trials were mainly negative ranging from −0.28 to −0.76.
Discussion
We quantified the accumulation of picein, piceol, pungenol, and transcripts of the Pgβglu-1 gene in the foliage of 874 P. glauca trees in seven different sites to evaluate their heritability. All of the trees used in this study are from experimental plantations that have been healthy and free from any noticeable insect attack or disease. Therefore, we may assume that we have measured constitutive levels of defense. Moreover, the constitutive nature of the resistance mechanism linked to the acetophenones piceol and pungenol was previously shown by Mageroy et al. (2014) and Parent et al. (2017) . We discuss the contribution of this work for understanding the genetic control of insect resistance and the potential costs of defense on tree growth in an evolutionary context.
Genetic control of SBW defense biomarkers
We observed broad phenotypic variation in all four of the defense biomarkers, which is a prior condition for evolution (Lande and Arnold 1983) . We analyzed full-sib families tested in two different ecological regions and obtained heritability estimates ranging from moderate to high; no respectively. Kernel density estimates were characterized with the SGPLOT procedure in SAS version 9.4. All trials are included in the density plots for phenolic compounds and only the Quebec trials are considered for transcripts of Pgbglu-1 gene (see Methods) significant interactions were observed between genotype and environment. Our results in white spruce indicate the importance of heritable additive variation, a determinant of the short-term evolutionary potential (Hansen et al. 2011) . Such findings are consistent with recent work in this system, indicating that these phenotypic traits had high levels of constitutive variability (Mageroy et al. 2014 ) and similar estimates for genetic control (Parent et al. 2017) . The former study reported higher narrow-sense heritability estimates (h 2 ) for piceol and pungenol and lower h 2 for picein. However, the heritability estimates in Parent et al. (2017) may be biased because they were based on a set of largely unrelated genotypes (Squillace 1974 ) from a single site.
Our findings differ from studies evaluating the resistance of P. glauca against different insect species. For example, resistance against the spruce bud moth (Zeiraphera canadensis) showed low heritability (h 2 = 0.26) and large genotype and environment interactions (Quiring et al. 1991) . Elevated heritability of resistance against the stem piercing white pine weevil (Pissodes strobi) was estimated, h 2 = 0.70 (±0.12) (King et al. 1997) ; however, only one site was evaluated such that environmental effects were not quantified and heritability estimates may be inflated.
On the other hand, similar findings to ours were obtained for insect resistance in other Picea species. In interior spruce (P. glauca × P. engelmannii), a high level of heritable resistance (h 2 = 0.77 ± 0.11) was observed against the white pine weevil (Pissodes strobi) when tested in three progeny trials (Kiss and Yanchuck 1991) . In the same system, Alfaro et al. (2004) screened the F1 of controlled crosses between Resistant (R) and Susceptible (S) parents and observed that progeny of R × S crosses had intermediate resistance compared to R × R and S × S crosses, as anticipated for an additive genetic model.
Research into other genera of forest trees also reported high levels of heritability for some insect resistance traits. For example, two defensive traits including non-volatile resin in the stem and total phenolics in the foliage were studied in Pinus radiata and gave contrasting results (Moreira et al. 2013) . The heritability estimates for the nonvolatile resin were much more elevated (h 2 = 0.91 ± 0.20) than those for foliar phenolics (h 2 = 0.18 ± 0.11). The study obtained high errors associated with the heritability estimates, unlike our work where errors ranged from 0.04 to 0.08 (see Tables 4 and 5 ).
Very few studies on insect resistance in forest trees report on both narrow-and broad-sense heritability. We obtained slightly higher broad-sense heritability estimates for acetophenones (picein, H 2 = 0.77 ± 0.05; piceol, H 2 = 0.66 ± 0.07; pungenol, H 2 = 0.60 ± 0.08) and Pgβglu-1 gene expression (H 2 = 0.55 ± 0.08) than the narrow-sense estimates (h 2 ) for the clonal trials in Quebec. However, the coefficients of H 2 for the New Brunswick clonal trials were lower for the acetophenones (pungenol, H 2 = 0.41 ± 0.06; piceol, H 2 = 0.39 ± 0.06; picein, H 2 = 0.21 ± 0.06). These differences likely reflect the smaller sample size used in New Brunswick (one sample tree per site for some clones).
In black spruce (Picea mariana), an estimate of H 2 = 0.40 was obtained for resistance against the yellowhead spruce sawfly (Pikonema alaskensis) based on an assessment of 35 clonal lineages in a single plantation site (Leinekugel le Cocq et al. 2005) . High broad-sense heritability estimates were obtained for phenolic glucosides (H 2 = 0.718) and condensed tannins (H 2 = 0.584) in aspen (Populus tremuloides) grown in the greenhouse under four nutrient-defoliation treatment combinations (Stevens et al. 2007 ). Interestingly, we obtained a very similar H 2 estimate for picein (also a phenolic glucoside) in the Quebec trials than that reported in aspen (P. tremuloides) by Stevens et al. (2007) . A recent study assessed the resistance against white pine weevil (Pissodes strobi) in Norway spruce (Picea abies) on a very large set of full-sib families in three sites and the results indicated that non-additive effects may have a smaller influence on resistance than additive effects (Mottet et al. 2015) , like our results suggest.
We found strong positive genetic correlations between the acetophenones piceol and pungenol (r G from 0.70 to 0.88) and with Pgβglu-1 gene expression (r G from 0.87 to 0.91). These genetic correlations may indicate that the same sets of genes are responsible for their control and this is expected because the Pgβglu-1 gene product was proposed to catalyze the release of both piceol and pungenol (Mageroy et al. 2014) ; however, these genetic components remain unknown.
In contrast, we found mainly weaker and negative genetic correlations between picein and the aglycon acetophenones (r G ranging from −0.08 to −0.83) and Pgβglu-1 gene expression (r G from −0.23 to −0.24). These observations may appear unexpected because picein is the precursor for the production of piceol (Mageroy et al. 2014) but are consistent with their very different levels of accumulation, with picein reaching much higher concentrations in some trees. These results indicate that picein is under the control of different genetic factors, which stands to reason because it appears to be non-limiting for SBW resistance (Mageroy et al. 2014; Parent et al. 2017) . Similar trends were observed for the phenotypic correlations.
The prediction of the response to selection on the short and long term is beyond the scope of this study; however, over a single generation this could be evaluated with the breeder's equation, which requires the heritability estimates and the selection differential (Falconer and MacKay 1996) . For the long-term response, studying the genetic basis of variability in resistance traits would improve our understanding of fitness and demographic success (Pearse et al. 2015) and may shed light on the potential effects of plant resistance on other trophic levels (Whitham et al. 2003) . For the long-term response we cannot extrapolate from the breeder's equation because the effects of selection over long intervals are unpredictable (Falconer and MacKay 1996) . However, the possible outcomes could be modeled by using genetic data of the traits including the level of genetic variation, the number of underlying loci, the proportion of phenotypic variation caused by each locus, and the mutation rate in these loci in a specific population (Hamilton 2009 ).
Trait correlations and trade-offs between resistance against the SBW and growth
Our findings from the analysis of phenotypic and genetic correlation did not provide any evidence of trade-offs between growth and SBW resistance biomarkers but indicated that trade-offs may be expected between growth and picein. We discuss our findings in view of trade-off theories in plants and recent work in conifer trees.
Positive phenotypic correlations (Pearson r = 0.14 to 0.30) and genetic correlations (r G = 0.12 to 0.56) were obtained between the three SBW resistance biomarkers and tree height (Table 6 ). This indicated that the accumulation of aglycon acetophenones is not associated with decreased growth in P. glauca. The positive, albeit low, correlations may indicate that more vigorous trees have more active defenses, although further testing is required. The trees analyzed for trade-offs in the present report were still young (6-9 years old) and varied considerably in size (0.48−5.1 m), suggesting that resistance levels may be positively associated to size and age, which would stand to reason in Pgβglu-1 expression −0.14 ± 0.08 0.70 ± 0.03 0.75 ± 0.03 0.58 ± 0.07
The table shows genetic correlations (above diagonal), phenotypic correlations (below the diagonal), and heritability estimates (on the main diagonal, in boldface).
light of the preference of SBW for mature trees (MacLean 1984) . This would not represent an isolated case; for example, ontogenetic changes in defense traits have been observed in trees including Betula, Salix, and Eucalyptus, among others (Boege and Marquis 2005) . The constitutive levels of foliar piceol and pungenol reported here and in previous work (Delvas et al. 2011; Mageroy et al. 2014; Parent et al. 2017 ) fit with a premise of the ODT theory indicating that plant structures more prone to attack are those that are better defended, but not with the assumption of cost. In a review of 159 North American angiosperms, Loehle (1987) found strong support for tradeoffs between growth and defense in woody plants but due to a lack of data in the analysis, no support was found in gymnosperms. The work of Fine et al. (2006) also strongly supported the trade-offs hypothesis, according to their examination of five angiosperm plant families in the Peruvian Amazon, although the issue has been a matter of long-standing debate in the scientific literature.
Recent studies in conifers have also reported a lack of evidence for trade-offs between constitutive defense levels and growth. In balsam fir (Abies balsamea), a member of the Pinaceae along with spruce, Deslauriers et al. (2015) assessed the effect of defoliation on carbon allocation and found no evidence of trade-off with growth. In the same way, no evidence for trade-offs was found between growth and defense in Pinus pinaster (Sampedro et al. 2011) and Pinus radiata (Moreira et al. 2013 ).
In our study, negative phenotypic (Pearson r = −0.24 to −0.27) and genetic correlations (r G = −0.30 to −0.13) were found between the acetophenone glucoside picein and tree height traits in the clonal trials. These results indicate that picein may have a cost on growth as predicted for both the ODT theory and the GDBH hypothesis (Rhoades 1979; Herms and Mattson 1992) . We acknowledge that this interpretation warrants further testing because our results were not consistent between the populations tested in the clonal trials compared to the progeny trials, which did not give negative correlations, and because the role of picein has not been clearly established in resistance against the SBW (Mageroy et al. 2014; Parent et al. 2017 ). In addition, research has shown that the sense of the correlations can be inversed when environmental conditions change (Sgrò and Hoffmann 2004) . Our results are based on evaluations in two contrasting environments for each population; as such, they may well represent the effects of different conditions and did not reveal any genotype × environment interactions, but future work could dissect the effects by testing wider gradients of environmental effects. Phenotypic correlations are significant at the *p < 0.05 and **p < 0.01 levels. r G ± standard error are presented for genetic correlations.
The role of picein has not been established in resistance against the SBW in white spruce (Mageroy et al. 2014; Parent et al. 2017) , although it has been suggested to confer diverse types of defense in other conifer species. For example, it accumulates in the foliage of some Norway spruce when infected by the fungus Sirococcus conigenus (Bahnweg et al. 2000) , indicating a potential role in inducible defense (Osswald and Benz 1987) . Picein is the precursor of piceol, which is phytotoxic in Norway spruce (Picea abies) at 500 mg L −1 as indicated by yellowing and browning of foliage and inhibition of bud break (Hoque 1985) . We found that the levels of picein (10% of dry weight on average) were much higher than those of piceol and pungenol (0.96-3.52% of foliar dry weight on average) and that correlations between the aglycons and the picein were either low or negative. These observations indicated that picein is non-limiting for aglycon levels, which may obscure its role in defense against SBW attack. The trends observed in genetic correlations between the different trait pairs were reflected in estimates of ISE as expected (Lande and Arnold 1983) . As a result, selection for resistance biomarkers may influence growth moderately to strongly, which is principally due to the stronger genetic control of resistance biomarkers compared with growth (tree height: h 2 = 0.40 ± 0.08 and H 2 = 0.16 ± 0.06). Reduced insect feeding would be expected on trees with high piceol and pungenol levels and this would result in improved fitness. In contrast, a selection for high picein levels may negatively affect growth. From a genetic improvement perspective, our data show that selection of trees with a high level of pungenol could produce indirect genetic gain in tree height owing to ISE of 42% (progeny trial) and 71% (clonal trial).
In summary, our results clearly showed that the acetophenone defense traits evaluated here are under strong additive genetic control and suggested that non-additive effects also influence the traits but to a lesser extent. Our findings are consistent with other reports on insect resistance in trees (Kiss and Yanchuck 1991; Alfaro et al. 2004 and Mottet et al. 2015) , and thus support the view that the role of additive genetic control in heritable resistance against insects could be an evolutionary driver of chemical diversity in conifers. Many investigations into heritable variation of resistance against herbivores in forest trees have analyzed the damage caused by insects as the main response variable; however, very few have identified or examined the putative mechanism underlying the so-called resistance. The approach we used, based on a quantitative genetic analysis of constitutive resistance biomarkers, has distinct advantages, including avoidance of experimental error that may result when testing interactions between insects and trees; in addition, it may afford future opportunities to discriminate between constitutive and induced defenses, and facilitate studies of resistance trait expression at different stages of phenology and ontogeny. Further research into the resistance traits studied here could target the molecular factors underlying the phenotypic variability in acetophenones, the effects of environmental conditions such as the availability of soil nutrients and the impacts of heritable variation on multi-level trophic interactions in the short and long term.
